Introduction
The recent determination of per-and polyfluorinated alkyl substances (PFAS) in biota from remote regions and even in human blood from all over the world [1] [2] [3] initialised much research on possible adverse effects [4, 5] and concentrations [6] in organisms. Among these ubiquitously found anthropogenic chemicals are perfluoroalkane sulfonates and perfluoro carboxylates (PFCAs) of four to fifteen carbon atoms chain length. The best investigated compounds of these groups are the C 8 -chemicals perfluorooctane sulfonate (PFOS) and perfluorooctanoate (PFOA). They have been produced in large amounts since the 1970s and 1950s, respectively. PFOS was applied in many industrial and consumer products while PFOA is used in the production of fluoropolymers such as polytetrafluoroethylene.
The main manufacturer of PFOS-based chemicals in the US, 3M, phased out the production of this product line in 2002 [7] . 3M used the electrochemical fluorination (ECF) process, yielding an isomer N-methyl fluorooctane sulfonamide (NMeFOSA [M+3]) and NEtFOSA [M+5] . Native NMeFOSA and N-methyl fluorooctane sulfonamidoethanol (NMeFOSE) were donated by 3M, while NEtFOSE was obtained from the Mabury group at the University of Toronto, Canada. All native FOSAs / FOSEs were a mixture of linear and branched isomers at a ratio of approximately 70:30 as determined by GC/electron impact (EI)-MS analyses and also described in [27] , while mass-labelled FOSAs only contained the linear isomer. Independent FTOH reference compounds (named "R-X") were purchased from Fluorochem (Old Glossop, UK): R-4:2 FTOH (97%), R-6:2 FTOH (97%), R-8:2 FTOH (97%), R-10:2 FTOH (97%). Mass-labelled IS were spiked before sampling (gaseous phase) or before sample extraction (particulate phase), respectively, to correct for analyte losses during sampling and / or extraction as well as for signal suppression / enhancement during determination. Recovery internal standards (RIS: 7:1 FA, 11:1 FA) were added to sample extracts just before analyses to determine recoveries of the IS. Structures of all compounds included in this study are depicted in Table 1 .
Ethyl acetate (EtOAc) and methanol of SupraSolv ® quality as well as sodium sulfate for organic trace analysis were obtained from Merck (Darmstadt, Germany). All standards and solvents were used as received. Nitrogen of ≥99,9995% purity was purchased from Messer Griesheim / Air Liquide (Wittenberg, Germany).
Preparation of sampling media. For the enrichment of airborne PFAS, glass columns with a glass frit, a slice of polyurethane foam (PUF, 6.5 cm diameter / 5 cm height, Klaus Ziemer GmbH, Langerwehe, Germany), 25 g of Amberlite XAD-2 resin (Supelco, Munich, Germany) and another slice of PUF were used. The PUF/XAD-2/PUF columns were prepared in a clean lab (class 10.000) at GKSS and extensively cleaned by Soxhlet extraction using 500 mL of methanol (2 d) and 500 mL of EtOAc (2 d). The sampling columns were dried using high-purity nitrogen at a pressure of ~1.5 bar and sealed in alumina coated polypropylene (PP) bags. GF8 glass-fibre filters (GFF) of 15 cm diameter were purchased from Schleicher & Schuell / Whatman (Dassel, Germany), rinsed with EtOAc and heated overnight at 250°C. GFFs were individually wrapped in aluminum foil and sealed in alumina coated PP bags.
Sampling. High-volume air samples were taken after spiking of 40 ng of the ng/µL solution in EtOAc) directly onto the filter using solvent soak with 50 mL EtOAc. The flask was placed on a mechanical shaker for 1 min. Subsequently, the extract was transferred to another flask and the procedure was repeated three more times (resulting in 200 mL EtOAc extract). Both PUF/XAD and GFF extracts were concentrated to approximately 1 mL using a Rotavapor R-200 (Büchi, Flawil, Switzerland), dried over sodium sulfate, filtered over pre-cleaned cotton wool and transferred to graduated Wheaton vials. The extracts were finally concentrated to 200 µL under a gentle stream of 134   135   136   137   138   139   140   141   142   143   144   145   146   147   148   149   150   151   152   153   154   155   156   157   158   159 high-purity nitrogen. Before GC/CI-MS determination, 40 ng of the RIS 7:1 FA and 11:1 FA (10 µL of a 4 ng/µL solution in EtOAc) were spiked to sample extracts as well as to calibration solutions. EI was only used for determination of standard purities, because of the low intensity of the molecular ions and the lack of specific fragments. PCI was chosen due to the simple yet definite mass spectra compared to negative chemical ionisation (NCI) [29] . The reagent gas (methane) was set to 20% in PCI mode and to 40% in NCI mode, respectively. For most analytes, at least two m/z were monitored, except for PFOSA, NEtFOSA, NMeFOSA and the respective mass-labelled analogues, where only one m/z could be detected (Table 1 ). For FOSAs, qualitative confirmation in NCI mode was performed (i.e. the determination of FOSAs was confirmed if the ions in NCI mode, as given in Table 1 , were detected).
Quantification was based on the most intensive ion (quantifier), while the other ions were used as solutions). For some analytes at very low concentrations, a reasonable confirmation by qualifier ratios was not possible as peak areas were close to the noise in the chromatogram.
Internal standard compounds. Quantification was done by normalisation of the analyte areas to those of the corresponding IS followed by quantification using the external two point calibration curve.
In the optimised method, several compounds were used as IS to be spiked before sampling in order to control the whole process from sampling and extraction to determination. RIS were spiked just before (at 100 and 400 pg/µL, respectively) were also analysed in triplicate to check for accuracy and stability of the GC-MS system.
Blank experiments. Solvent and column blanks are given in Table 2 (Table 3) , column blanks could also be influenced by the air volume (10 m 3 ) drawn through the sampling columns to avoid evaporative loss of the IS. Given the low blank levels, analyte concentrations in real samples were not blank-corrected. Limits of detection and quantification. IDLs, IQLs and MQLs as given in Table 2 were determined using different methods. The blank method was mostly not applicable due to the absence of several analytes in solvent and column blanks. The calibration method (following the German DIN 32645, which is the national equivalent to ISO) was applied using standard mixtures at very low concentrations showed MDLs of 0.01 (NEtFOSA) up to 7.1 pg/m 3 (NMeFOSE) [31] .
Recovery experiments. All recovery experiments were performed in triplicate at two concentration levels each by spiking of analyte mixtures at 20 and 80 ng absolute, respectively. Due to comparable findings at both spiking levels, results given in Figure 1 were combined (PUF/XAD, n = 6 / GFF, n = 8).
Absolute recoveries were calculated by normalisation of the analyte areas to those of the corresponding RIS (7:1 and 11:1, respectively) and quantification using the external two point calibration curve ( . In this case, the RIS were used to correct for the injection volumes of the autosampler. Recovery experiments at two concentration levels showed absolute solvent recoveries between 33% (PFOSA) and 153% (NMeFOSE), while absolute column recoveries were 29% (4:2 FTOH) up to 266% (NEtFOSE).
GFF recoveries ranged from 49% (4:2 FTOH) to 125% (NEtFOSA and NEtFOSE).
By normalisation of the analyte areas to those of the corresponding IS, losses during extraction and extract concentration can be corrected, leading to enhanced accuracy and lower standard deviations. This is demonstrated by the IS-corrected relative recoveries given in Figure 1 B. Relative solvent recoveries were found between 44% (PFOSA) and 164% (NMeFOSE), while relative column recoveries ranged from 56% (4:2 FTOH) to 151% (NMeFOSA) for most compounds (Figure 1 B) . Only for NMeFOSE and NEtFOSE where mass-labelled analogues were not available at the time of the study, the column recoveries (311-319%) were very high, pointing out the importance of appropriate mass-labelled IS for each individual analyte. Such signal enhancements of FOSEs have also been observed elsewhere [32] and probably lead to overestimation of those compounds in real samples.
Erney et al. characterised matrix enhancement effects concerning the analysis of pesticide residues in
food by GC-MS [33] . The authors described the blocking of active sites in the GC system, especially in the injection liner, by matrix constituents as the main reason for the mentioned effect. Following this theory, the co-extracted sample matrix increases analyte signals in comparison with solvent-only standard injections where the analytes themselves interact with the active sites. In our study, improved peak shapes in sample analyses compared with standard injections gave an indication that blocking of active sites by matrix constituents might have occured. This is exemplified for NMeFOSE in Figure 2 .
Among several ways to overcome or reduce the matrix enhancement effect of up to >200%, Schenck et al. described the usage of matrix-matched standards, the application of an appropriate clean-up or the use of similarly affected mass-labelled IS [34] .
The matrix effects observed for FOSEs could be remediated by IS-correction using NMeFOSE were not fully accounted for (relative recoveries <100%, Figure 1 B) . Thus, air concentrations of 4:2 FTOH were probably underestimated. Relative recoveries for those five analytes where mass-labelled analogues could be applied were around 100%, ensuring highly accurate results in air measurements.
Regarding relative GFF recoveries, values between 61% (PFOSA) and 115% (NMeFOSA) were determined. No signal enhancement for FOSEs was found in GFFs, leading to the conclusion that the specific matrix resulting from extraction of PUF/XAD columns with EtOAc was mainly responsible for matrix effects. Recoveries of the IS in real samples are given in Table 3 .
Breakthrough experiments. Figure 3 Precision. In order to evaluate instrumental precision, within-day precision was tested by tenfold injection of the same calibration solution at 100 pg/µL and ranged from 4.2% (4:2 FTOH) to 7.4% (10:2 FTOH). Between-day precision at 200 pg/µL was shown to be between 5.5% (NMeFOSE) and 9.7% (PFOSA). For the evaluation of method precision, environmental air samples were always taken in parallel. Despite the complexity of the analytical procedure, the gaseous phase concentration data (see Table 3 ) obtained from parallel samples usually deviated by less than 30%, demonstrating the excellent repeatability of the presented method.
Accuracy. Due to the lack of certified reference materials, the accuracy of the method was investigated by the relative recovery experiments discussed above. Additionally, we performed an interlaboratory comparison of the quantification method between GKSS Research Centre Geesthacht and the Norwegian Institute for Air Research (NILU) in Tromso [32] . Environmental air samples. Environmental air concentrations obtained from two sets of parallel samples from Northern Germany (Hamburg / urban -Waldhof / rural) are given in Table 3 together with field blanks of the respective sampling periods. Most analytes except for 6:2 PFOAc and PFOSA could be quantified in the gaseous phase of ambient air samples from both locations. The method thus proved applicable for the trace-analytical determination of FTOHs and FOSAs / FOSEs at an urban as well as a rural site in Northern Germany. A comprehensive sampling campaign at both locations is described in detail elsewhere [28] , representing the first airborne PFAS data available for Europe.
Conclusions
The method originally developed by Martin et al. [16] Additionally, a clean-up should be considered to diminish matrix effects and to avoid early deterioration of GC injection liners and capillary columns encountered in relation with PUF/XAD extracts. In particular, FTOHs require further investigations as they continue to be produced in rising amounts and have recently been shown to possess estrogen-like properties by promoting MCF-7 breast cancer cell proliferation [35] . b Due to detectable method blanks, MQLs were defined as ten times the standard deviation of column blanks (n = 4).
c As 6:2 PFOAc could not be determined in any sample, the corresponding blank signal was integrated and quantified. The result times ten was considered as MQL.
d Due to very small analyte peak areas, the calibration was forced through the origin. 
